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Fe0.02O3 by the Mean Field Theory
Mohamed Hsini and Sadok Zemni
Abstract
In this paper, we have exploited the mean field theory combined with
the Bean-Rodbell model to justify the magnetocaloric effect (MCE) in
Nd0.67Ba0.33Mn0.98Fe0.02O3 sample. The simulation of some magnetic properties has
been investigated. Modeling magnetization curves have been successfully achieved
using this model. The second-order ferromagnetic-paramagnetic (FM-PM) phase
transition of our system has been verified through the value of the parameter which
controls the transition nature in the Bean-Rodbell model. Theoretical and experi-
mental expressions, which have rated the magnetic entropy change (∆SM) under
various magnetic fields, have been derived. Theoretical (∆SM) curves have been
compared to the experimental ones.
Keywords:mean field theory, Bean-Rodbell, magnetocaloric effect, magnetization,
magnetic entropy change
1. Introduction
In recent years, magnetic materials exhibiting high magnetocaloric effect (MCE)
have been extensively studied experimentally and theoretically because of their
intensive necessity in magnetic refrigeration (MR) [1–3]. This recent cooling tech-
nology, which is expected to replace traditional expansion/compression gas refrig-
eration technology, has many particular interests because of its significant
economic benefits [4–6]. The magnetic entropy change (∆SM) is interestingly
important for rating the refrigerant properties [7, 8]. Thus, numerous materials
exhibiting high MCE have been widely developed in the last decades for exploita-
tion as promising materials in MR technology [9–14].
The mean field model [15, 16] is an efficient tool in the study of magnetic
materials [17]. Currently, Amaral et al. have signaled a scaling method based on this
model [18].
According to the work of Amaral et al., we have reported, in this paper, our
studies on the magnetocaloric properties of the Nd0.67Ba0.33Mn0.98Fe0.02O3 sample
which exhibits a second-order ferromagnetic-paramagnetic (FM-PM) phase
transition [19], by scaling the experimental magnetization. We have showed, in this
work, how the mean field theory may adequately model the magnetic and the
magnetocaloric properties of this magnetic system, which may be applicant in MR
technology.
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The scaling method based on the mean field model leads us to estimate directly
the saturation magnetization M0ð Þ, the exchange parameter λð Þ, the total angular
momentum Jð Þ, and the Lande factor gð Þ of our sample. These parameters are
necessary for simulating magnetization isotherms, M H;Tð Þ, which are used for the
calculation of the magnetic entropy change (∆SM) of Nd0.67Ba0.33Mn0.98Fe0.02O3
material. In addition, the second-order phase transition FM-PM of this sample is
confirmed by analyzing the Bean-Rodbell model [20, 21].
2. Theoretical and experimental study
2.1 Brief overview of the experimental study
In this section, we have summarized the primary results of the structural and
magnetic analysis of the manganite sample Nd0.67Ba0.33Mn0.98Fe0.02O3 reported in
our precedent work [19].
This compound has been prepared by the solid-state ceramic method at 1400°C
in a polycrystalline powder form. Rietveld structural analysis has showed a good
crystallization of the sample which presents a pseudo-cubic structure of ortho-
rhombic Imma distortion, with unit cell parameters a = 0.54917 (1), b = 0.77602 (1),
c = 0.551955 (4) nm, and unit cell volume V = 0.235228 (3) nm3. Scanning electron
microscope (SEM) analysis has indicated that the sample presented a homogeneous
morphology which consists of well-formed crystal grains. The SEM analysis coupled
with the EDX has confirmed that the chemical composition of the sample is close to
that nominal reported by the above chemical formula (19).
The evolution of the magnetization as a function of temperature, under a 0.05 T
magnetic applied field in FC and ZFC modes, is depicted in Figure 1. This figure
shows a FM-PM transition at a Curie temperature which has been estimated in the
inset by determining the minimum value of the derivative magnetization versus
temperature in ZFC mode at 0.05 T applied field TC ¼ 131 Kð Þ. However, Figure 1
shows a non-negligible monotonic decrease of the magnetization between 10 and
100 K. This indicates a canted spin state between the Nd3þ and the (Mn3þ, Mn4þ)
spin sub-lattices, with canted angle, θ, assumed to be between 0° (ferromagnetic
coupling) and 180°(antiferromagnetic coupling).
Figure 1.
M versus T in 0.05 T applied magnetic field for the Nd0.67Ba0.33Mn0.98Fe0.02O3 versus T in FC and ZFC
modes. The inset is dMdT versus T for ZFC mode.
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Figure 2 shows the variation of the magnetization as a function of the varied
magnetic field up to 10 T, at very low temperature (10 K), for the undoped com-
pound Nd0.67Ba0.33MnO3 and for the doped compound Nd0.67Ba0.33Mn0.98Fe0.02O3.
It is apparent in this figure that in spite of the intense magnetic applied field
(10 T), the magnetization does not attain saturation. This is due to the presence of
the magnetic moments of Nd3þ( Xe½  4f3Þ which have three electrons in the 4f
orbital. Effectively, a comparison between magnetization of the two compounds
Nd0.67Ba0.33MnO3 [19] and La0.67Ba0.33MnO3 [22] are depicted in Figure 3. This
figure shows obviously that the lanthanum compound rapidly reaches saturation
even under low applied magnetic field. This is because of the non-contribution of
the La3+ ion ( Xe½ Þ in magnetism which has no electrons in 4f orbital. Figure 2
also indicates that a 2% iron doping proportion in Nd0.67Ba0.33Mn0.98Fe0.02O3
decreases the magnetization by 0.12μB (3.94 μB for Nd0.67Ba0.33MnO3, whereas
Nd0.67Ba0.33Mn0.98Fe0.02O3 presents 3.82 μB) under a 10 T applied magnetic field of,
in a good agreement with an antiferromagnetic coupling betweenMn3þ and Fe3þ spin
sub-lattices as demonstrated by the Mössbauer spectroscopy studies [23, 24]. As
knowing, the orbital momentum is quenched by the crystal field in the octahedral site
of manganite for transition elements, so only the spin of Fe3þ ([Ar]3d5) contributes to
Figure 2.
Comparison of M versus H at T ¼ 10 K for Nd0.67Ba0.33MnO3 and Nd0.67Ba0.33Mn0.98Fe0.02O3 samples.
Figure 3.
Comparison of M versus H at T ¼ 10 K La0.67Ba0.33MnO3 and Nd0.67Ba0.33MnO3 for samples.
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the magnetization; therefore, we have found that the experimental value (0.12μB) is
very near to that calculated MFe3þ ¼ gSμB ¼ 0:02 2 5=2 μB ¼ 0:1μBð ).
2.2 Theoretical calculation
The magnetic moments of a ferromagnetic material, made under external mag-
netic field Hð Þ, tend to align in the H direction. The increase of parallel magnetic
moments then leads to rising magnetization. Magnetization values could be rated by
the Weiss mean field theory [15, 16, 18].
In fact, Weiss has enunciated that in a ferromagnetic, an exchange interaction
between magnetic moments could be created, at least in a magnetic domain, where
the magnetic moments could be ordered in a same direction. This interaction may
be considered as an average over all interactions between a given magnetic moment
and the other N magnetic moments of the Weiss domain. This internal interaction





exch ¼ λ M
!
(1)
where λ is the exchange parameter and M is the magnetization of the ferromag-
net, given by
M ¼ M0BJ xð Þ (2)
where
M0 ¼ NJgμB (3)
is the saturation magnetization,






















where kB is the Boltzmann constant, μB is the Bohr magnetron, N is the number
of spins, and T is the temperature.
Eq. (2) can be written as a function of HþHexchT
 
as follows:

























Applying the reciprocal function f1 of f, we can obtain the relations:
H
T
¼ f1 Mð Þ Hexch
T
;H ¼ Tf1 Mð Þ  λM: (7)
The magnetic entropy change can be expressed by the Maxwell relations [6, 25]:
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Using experimental isotherm magnetization data, measured at discreet values of
both applied magnetic field and temperatures, and Eq. (8a), the magnetic entropy
change can be approximated as












Eqs. (7) and (8b) allow us to determine the theoretical estimation of the mag-
netic entropy change:
∆SM Tð ÞH1!H2 ¼ 
ðMjH2
MjH1






To study the nature of the magnetic transition, we have called the Bean-Rodbell
model to our magnetization data. As reported earlier [26–28], system exhibiting
first- or second-order phase transitions have been interpreted using this model [29].
It considers that exchange interactions adequately depend on the interatomic
distances; the Curie temperature TC is expressed as follows:
TC ¼ T0 1þ βωð Þ (10)
where ω ¼ vv0v0 , v is the volume, v0 presents the volume with no exchange
interaction, and T0 is the transition temperature if magnetic interactions are taking
into account with no magneto-volume effects. β is the slope of the critical temper-
ature curve on volume. The Gibbs free energy, for a ferromagnetic system, is given
in Ref. [30] with the compressibility K, the magnetic entropy S, and the reduced
magnetization σ xð Þ ¼ BJ xð Þ as









ω2  TS (11)










Substituting Eq. (12) into Eq. (11) and minimizing G with respect to σ,
according to the work of Zach et al. [29] and Tishin and Spichkin [6], we can obtain
the magnetic state equation:












2Jþ 1ð Þ4  1
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where the parameter η checks the order of the magnetic phase transitions. For
η. 1, the transition is assumed to be first order. For η, 1, the second-order mag-
netic phase transition takes place.
After combining Eq. (2) and Eq. (13), we have got two interesting equations,
M xð Þ ¼ M0BJ xð Þ (giving simulated M versus H) and M Yð Þ ¼ M0BJ Yð Þ (giving sim-
ulated M versus T).











M ¼ χH (15)
The resolution of Eq. (15) gives easily the Curie-Weiss magnetic susceptibility:
χ ¼











where Tc ¼ λC is the Curie temperature and C is the Weiss constant.
To determine accurately the exchange constant, we use the famous law of inter-










given by Heisenberg, where J is the exchange constant.
If we consider an individual atom i with its magnetic moment μ
!
i in a ferromag-
netic system. This moment interacts with the external applied magnetic field H
!
and
with the exchange field H
!
exch. The total interaction energy is given as







From the Heisenberg model’s viewpoint, the energy Ei of a ferromagnetic system
is the sum of interaction energy of a given moment, μ
!
, with the external field and
that with all near neighbors to atom i. Let us consider that each atom has z near
neighbors which can interact with spin i with the same force, i.e., that exchange
parameter has the same value for all z neighbors. Then, the energy Ei may be
written as










where the index k runs over all z neighbors of the atom i.
It is practical to express the Heisenberg energy in Eq. 17 in terms of the atomic
moments μ
!
rather than in terms of spins S
!
. It can be easily done if we consider that




Eq. (19) would be rewritten as












In fact, the two expressions of the energy Ei, in Eq. (18) and Eq. (20), are not
similar. However, the sum term in Eq. (20) is not the same as H
!
exch because it is the
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interaction made by the individual spin i. But, H
!
exch in the spirit of the Weiss theory
presents the average of all interaction terms in the total system. As a result, we





























































Eq. (21) contains a term proportional to the magnetization, in perfect agreement














Comparing this equation with Eq. (16), i.e., the phenomenological expression
for λ, we obtain the solution for the critical temperature:
Tc ¼ λC ¼
2Jz
gμBð Þ2N





2zJ Jþ 1ð Þ (26)
2.3 Mean field theory application
We begin by the determination of J, g, λ, and M0 parameters, which are crucial
for magnetocaloric effect simulation of Nd0.67Ba0.33Mn0.98Fe0.02O3.
• Total angular momentum Jð Þ determination
To determine the total angular momentum Jð Þ, we must quantify the canted spin
angle, θ, between Nd3þand (Mn3þ, Mn4þ) spin sub-arrays, using the difference
between magnetizations of Nd0.67Ba0.33MnO3 [19] and La0.67Ba0.33MnO3 [22] sam-
ples at 10 T 0:33μBð Þ as shown in Figure 3. By writing the contribution of Nd3þ
magnetic moment network (spin-orbit coupling) under the form
7
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MNd3þ ¼ 0, 67 JNd3þgNd3þμB cos θ ¼ 0:33μB, where JNd3þ ¼ 4:5 and gNd3þ ¼ 0:727 are,
respectively, the values of angular momentum and gyromagnetic factor for free ion
Nd3þ as indicated in Ref. [16]. Therefore, we deduce.




  ¼ 0:33
0:67  4:5 0:727 ¼ 0:15, so, θ ¼ 81:34
°:
Using the Hund’s rule for 4f orbital less than half full and the values of L and S
indicated in Ref. [16] for Nd3þ, we obtain the value of the angular momentum of
Nd3+ ion incorporated in Nd0.67Ba0.33Mn0.98Fe0.02O3 sample:
J Nd3þ
 












As a result, the total angular momentum for Nd0.67Ba0.33Mn0.98Fe0.02O3 sample is








¼ 3:869þ 0:65 2þ 0:33 1:5 0:02 2:5 ¼ 5:614:
• Gyromagnetic factor (g) determination:
g Nd3þ
 
¼ 1þ J Jþ 1ð Þ þ Scosθ Scosθþ 1ð Þ  L Lþ 1ð Þ
2J Jþ 1ð Þ ¼ 1þ
5:754 6:754þ 0:246 1:246 6 7
2 5:754 6:754 ¼ 0:96:
for all the sample g ¼ 0:67  0:96þ 0:65 2þ 0:33 2þ 0:02 2 ¼ 2:6432.
Figure 4 shows the evolution of M versus H at different T near TC for the
Nd0.67Ba0.33Mn0.98Fe0.02O3 compound. The isothermal M H;Tð Þ curves show a
dependency between M and H at different T. Above TC, a drastic decrease of
M H;Tð Þ is observed with an almost linear behavior indicating a paramagnetic
behavior. Below TC, the curves show a nonlinear behavior with a sharp increase for
Figure 4.
Isotherm magnetization M as a function of magnetic field H, measured for different temperatures with a step of
3 K for Nd0.67Ba0.33Mn0.98Fe0.02O3 sample.
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low field values and a tendency to saturation, as field increases, reflecting a ferro-
magnetic behavior. Using Figure 4, we could plot the evolution of HT versus
1
T taken
at constant values of magnetization M (5 emu.g1 step) from 180 to 80 K in
Figure 5. A linear behavior of the isomagnetic curves, which are progressively
shifted into higher 1T values, could be observed. So, the linear relationship between
H
T
and 1T is preserved. To find the value of the parameter λ, it is necessary to study
Hexch induced by magnetization change. Linear fits are then kept at each
isomagnetics line. Using Eq. (6), the slope of each isomagnetics line could give the
suitable Hexch value. In Figure 6, we have plotted Hexch vs. M for the
Nd0.67Ba0.33Mn0.98Fe0.02O3 compound. For all materials, in the PM or antiferro-
magnetic domain, we can always expand increasing H in powers of M or M in
powers of H. In this approach, we will stop at the third order, and considering that
the M is an odd function of H [24, 31], we can write
Hexch ¼ λ1Mþ λ3M3 (27)
Then, these points in Figure 6 (Hexch versus M) should be included for the fit by
Eq. (27).
However, a very small dependence on M3 (λ3 ¼ 0:00006 T:emu1:gð Þ3) is





T curves with constant values of magnetization per curve for Nd0.67Ba0.33Mn0.98Fe0.02O3 sample.
Figure 6.
Exchange field versus magnetization for Nd0.67Ba0.33Mn0.98Fe0.02O3 sample, with the function λ1Mþ λ3M3
fit.
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with λ ¼ λ1 ¼ 0:40243 T:emu1:g. Next, the building of the scaling plot M versus
HþHexch
T is depicted in Figure 7 with black symbols. It is clear from this figure that all
these curves converge into one curve which can be adjusted by Eq. (6) using
MATLAB software to determine M0, J, and g. We have found a good agreement
between adjusted and theoretical parameters given in Table 1.
The agreement between fitted and theoretical values affirms the coupling
between spins indicated above.
From the formula λ ¼ 3kBTCNJ Jþ1ð Þg2μB2 and M0 ¼ NJgμB and there adjusted values, we
can estimate the value of the spin number N:
N ¼ 3kBTC
λJ Jþ 1ð Þg2μB2
¼ 3 1, 30807  131:10
23
0,4024 5; 603 5; 603þ 1ð Þ  2;4982  9; 274:1024





5:603 2, 6432 9; 274:1024







The two equalities, að Þ and bð Þ, practically give the same spin number N witch
verifying the validity of the mean field theory. In addition, the value of N is near to
Avogadro number NA. This implies that we can assume that molecule may be
present in a same value of spin so an important order domain and the nonmagnetic
molecules (impurities are very limited).
After injecting adjusted parameters λ, J, g, and M0 in Eq. (6), we can get
simulated M versus H curves (red lines), which are plotted with the experimental
Figure 7.
Scaled data in magnetization versus HþHexchT and Brillouin function fit for Nd0.67Ba0.33Mn0.98Fe0.02O3 sample.
Parameters J g M0 (emu.g
1)
Theoretical values 5.614 2.643 —
Adjusted values 5.603 2.686 83.59
Table 1.
Theoretical and adjusted parameters of Nd0.67Ba0.33Mn0.98Fe0.02O3 sample.
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ones (black symbols) in Figure 8. This figure shows a good agreement between
theoretical an experimental results. This illustrates the validity of the mean field to
model the magnetization. On the other hand, Figure 9 shows that simulated M
versus T curves (red line) under various H are correlated with experimental ones
Figure 8.
Experimental M versus H (black symbols) of Nd0.67Ba0.33Mn0.98Fe0.02O3 sample and the interpolation using
the mean field method (red lines).
Figure 9.
Experimental magnetization versus T (black symbols) of Nd0.67Ba0.33Mn0.98Fe0.02O3 sample and the
interpolation using the Bean-Rodbell model (red lines).
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(black symbols) when η ¼ 0:32 and T0 ¼ 131 K. Thus, the second-order phase
transition of this compound is reconfirmed with the η parameter value (η, 1).
Figure 10 shows simulated ∆SM versus T curves (red lines) using Eq. (9b) and
the experimental ones (black symbols) using the Maxwell relation from in Eq. (9a).
As seen in this figure and taking account into the initial considering of H and M as
an internal and external variable in Eq. (8a) and vice versa in Eq. (8b), ∆SM
estimated in these two considerations is little different. This aspect has been
reported in the work of Amaral et al. [18]. From Figure 10, we can estimate the full
width at half maximum δTFWHM, the maximummagnetic entropy change∆SMmax,
and the relative cooling power RCPð ) which is the product of ∆SMmax and
δTFWHM. These magnetocaloric properties are listed in Table 2.
As shown in Table 2, a rising of ∆SMmax obtained by using the mean field
model could be noted. For example, it exceeds the one determined by using the
classical Maxwell relation by 1.5 J.Kg1.K1 under 5 T applied field. Although
δTFWHM determined by this method seems less, RCP values are more higher than
those obtained from the Maxwell relation. As a result, the mean field model could
amplify RCP. This novel method has so better performance than the classical Max-
well relation.
Considering the number of magnetic near neighbors ions, z, in our material and
its critical temperature, the relation J ¼ 3kBTc2zJ Jþ1ð Þ (Eq. (26)) allows us to find the
Heisenberg exchange constant J. In the perovskite structure of
Nd0.67Ba0.33Mn0.98Fe0.02O3 compound, the Mn ion placed at the center of the




2 and six near
Figure 10.
Experimental and theoretical magnetic entropy change ∆SM versus T of Nd0.67Ba0.33Mn0.98Fe0.02O3 sample
as a function of temperature upon different magnetic field intervals (∆H).
Method H (T) 1 2 3 4 5
Maxwell relation δTFWHM (k) 47.54 54.34 56.98 59.15 63.01
∆SMmax(J.Kg1.K1) 0.85 1.53 2.12 2.62 3.04
RCP(J.Kg1) 40.41 83.14 120.80 154.97 191.55
Mean field theory δTFWHM (k) 27.28 33.31 39.83 41.51 44.18
∆SMmax(J.Kg1.K1) 1.65 2.59 3.32 3.98 4.54
RCP(J.Kg1) 45.01 86.27 132.24 165.2 200.58
Table 2.
Comparative between δTFWHM, ∆SMmax, and RCP calculated graphically using Maxwell relation and mean
field theory.
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neighbors Mn distant from a and similarly for Nd. The interaction is established
between Mn-Mn and Mn-Nd or Nd-Nd and Nd-Mn.




zMnS Sþ1ð ÞþzMnNdJMnNd JMnNdþ1ð ÞþzNdJ Jþ1ð Þ
3
j k
where zMnMn ¼ 6, zMnNd ¼ 4, and zNdNd ¼ 6






¼ 0:65 2þ 0:33 1, 5 0,02 2:5 ¼ 1:3þ 0:495 0:05 ¼ 1:745;





¼ 2:8175 1023 joules for magnetic ion in our sample. This value explains the
strength interaction between spins. Moreover, it is a crucial parameter used in the
simulation with the Monte Carlo method.
3. Conclusion
In this work, we have analyzed the mean field scaling method for the
Nd0.67Ba0.33Mn0.98Fe0.02O3 sample. The perspicacity saved from the usefulness of
this method for a magnetic system could be of large interest. In a simple reason, we
can consider that if this scaling method does not follow the mean field behavior,
other methods need to be convinced in the interpretation of the system’s magnetic
behavior. The mean field scaling method allows us to estimate the exchange
parameter λ, the total angular momentum Jð Þ, the gyromagnetic factor g, the num-
ber of spins N of our sample, the saturation magnetization M0, and the Heisenberg
exchange constant J. Some of these factors are useful in estimating some magnetic
properties. The mean field and the Bean-Rodbell models allow to follow the evolu-
tion of generated magnetization curves as function as the applied field and the
temperature. A good agreement between theoretical and experimental magnetiza-
tions has been noted. The dependence of the entropy change on temperature under
various applied fields has been experimentally and theoretically derived. An
acceptable agreement between theoretical and experimental results is observed.
However, the performance of RCP has been granted by the mean field model. Also,
intervention of the Bean-Rodbell model confirms the second-order magnetic tran-
sition of our sample. Because this type of transition is needed for evaluating the
MCE, a significant theoretical description of magnetic and magnetocaloric proper-
ties of the Nd0.67Ba0.33Mn0.98Fe0.02O3 sample should be taking into account and
should be accordable with other models.
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